Lobed super-pressure balloons have shown a tendency to deploy into unexpected asymmetric shapes, hence their design has to strike a balance between the lower stresses achieved by increasing lobing and the risk of incomplete deployment. This paper proposes a computational clefting test that can be applied to any given balloon design. The test consists in setting up the balloon in its symmetrically inflated configuration, then breaking the symmetry of this shape by artificially introducing a clefting imperfection, and finally determining the equilibrium shape of the balloon. Wrinkling of the balloon film and frictionless contact are included in the computation. The clefting test is applied successfully to three 27 m diameter super-pressure balloons that have been tested indoors by NASA, of which one had remained clefted when it was inflated and the other two had deployed completely.
I. Introduction
The lobed shape of super-pressure balloons, chosen for its structural efficiency, has led to complications during deployment: several balloons did not deploy into the expected, cyclically symmetrical equilibrium configuration, but instead settled into unexpected asymmetric shapes. Incomplete deployment occurred during the 555NT test flight in Sweden and a characteristic S-cleft, i.e. a single non-meridional cleft spanning from top to bottom of the balloon and involving several lobes, was observed, see Figure 1 . Extensive clefting is a regular feature of partially inflated balloons during launch and ascent and yet some balloons remain clefted when they are fully pressurized and others don't. Highly lobed balloon designs achieve lower film stress and yet are more prone to clefting. The purpose of this paper is to establish a computational clefting test that can be applied to any given balloon design. The test consists in setting up the balloon in its symmetrically inflated configuration, then breaking the symmetry of this shape by artificially introducing a clefting imperfection, and finally determining the equilibrium shape of the balloon.
S -cleft
The clefting imperfection is computed by shifting the constraint at the bottom of the balloon and removing the pressure in the bottom region, below the shifted constraint. Thus the equilibrium shape of the balloon becomes asymmetric and a large cleft appears. Once this disturbance has been introduced, the bottom constraint is returned to the bottom apex and a uniform pressure is applied to the whole balloon. Wrinkling and frictionless contact are included in the analysis.
A systematic set of indoor inflation experiments on one-third scale models of flight balloons were carried out in 2007 by the NASA Balloon Program Office. 1 Out of these tests we have chosen three representative ones to test the performance of our clefting test: (1) balloon # 1 with maximum bulge angle of 98.1 • and maximum bulge radius of 0.284 m; (2) balloon # 4 with maximum bulge angle of 55 • ; (3) balloon # 5 with maximum bulge angle of 90 • . In the tests balloon # 1 remained clefted, with a typical S-cleft at a pressure of 10 Pa, while the other two balloons deployed completely.
The paper is organized as follows. Section II presents a brief review of the literature on buckling, postbuckling and partially inflated shapes of balloons. Section III introduces the modeling approaches that have been selected for the present study and describes some specific ABAQUS/Explicit simulation techniques that have been developed. Section IV presents the finite element modeling details. Section V to Section VII present simulation results for the three 27 m diameter balloons that had been tested by NASA. Section VIII concludes the paper.
II. Background
Early explanations of the incomplete deployment focused on considerations of volume 2, 3 or minimization of potential energy. [4] [5] [6] Pagitz and Pellegrino 7 developed a symmetry-adapted formulation of the tangent stiffness matrix and found that the critical buckling pressure p crit is related to the number of (identical) lobes n by p crit = an k where a and k depend on the cutting pattern of the lobes and the material properties. Xu 8 investigated the post-buckling behavior of a balloon with 64 lobes, starting from an initially symmetric configuration and using the eigenmodes of the tangent stiffness matrix as geometric perturbations. An imperfection based on the single most critical eigenmode led to a globally buckled shape whereas a more localized deformed shape was obtained by introducing an imperfection based on a combination of 10 eigenmodes. Baginski 9 analyzed the Hessian (matrix of second derivatives) of the total potential energy and found a correlation between incomplete deployment and the number of negative eigenvalues of the Hessian when the boundary constraint at the top apex are partially released. Two unstable configurations for the 230-gore 14.836 mcf design are presented in Figure 2 . Note that this structure with a free top apex has only two unstable eigenmodes, with two-lobe and three-lobe symmetry. However, none of these analyses produced any deformed shapes that resembled the S-clefts that had been observed experimentally. In recent papers, 10, 11 we have attacked this problem by carrying out partial deflation and reinflation simulations that start from the cyclically symmetric inflated shape. This technique was applied to 200 lobe balloons with different lobe designs, to investigate the uniqueness of their inflated shape. It was found that balloons with flatter lobes return to their original, symmetric shape while others do not. At the end of the deflation-reinflation cycle, a clefted shape was obtained for the balloon with a high lobe angle. However, the shape of the cleft did not fully agree with the experimental observations. In addition, although this analysis method produces detailed snapshots of the final stages of the inflation process that are useful to better understand clefting behavior, it is computationally quite onerous and hence unsuitable for the analysis of multiple balloon design configurations.
III. Modeling and Special Simulation Techniques
We use ABAQUS/Explicit (version 6.8), a general purpose finite element software to compute the dynamic response of a structure subject to time-varying loads or boundary conditions, for our clefting test. By ensuring that the loading rate is sufficiently slow, the dynamic response of the structure is sufficiently small that the response becomes effectively quasi-static. The results presented in this paper were obtained by carrying out the quickest possible simulations while ensuring that the kinetic energy is only a small fraction of the strain energy. Note, however, that a small amount of kinetic energy is required to allow large deformations of the balloon take place in a reasonable amount of time, hence introducing an excessive amount of damping may lead to inaccurate results. Our finite element model incorporates several features that are specific to the analysis of balloon structures, as discussed below. This section also presents a variety of techniques that have been devised to achieve better results from the simulations.
A. Constraint Shift Method
A finite-element model of the balloon is initially defined, assuming its shape to be n-fold symmetric. A good initial approximation of this configuration 7 is provided by the isotensoid (axisymmetric surface in equilibrium under uniform pressure with zero circumferential stress 2, 12, 13 ). Hence, we initially define the tendons to lie at the intersections of equally spaced meridional planes and the isotensoid. In Step 1 of the analysis a clefting perturbations is introduced by the following steps: (i) the balloon is constrained at a single offset point F, at a radial distance from the axis of one-third the radius at the equator; (ii) a positive lift is created by assigning the non-uniform pressure differential Δp = Δp D + γ(x − x D ) where D is the bottom apex point and γ = Δρg, where Δρ is the relative density of the balloon gas, and g is the gravity acceleration; and (iii) the symmetric equilibrium shape is destabilized by setting Δp = 0 in the bottom region Ω 1 .
Step 1 of our analysis consists in finding the equilibrium shape of the balloon for these conditions. In step 2 of the analysis the constraint is moved to the central point O at the bottom of the balloon and the non-zero pressure distribution Δp is applied to the whole balloon, to determine if a clefted shape is a possible equilibrium configuration for the balloon. This step is actually divided into a series of sub-steps with gradually decreasing numerical damping, until convergence to the final equilibrium shape is obtained. Intermediate results and a plot of energy components are provided in Figure 3 .
B. Wrinkling and Contact
A cleft is a stable equilibrium shape that is associated with both wrinkling in the film of the balloon and contact between different parts of the balloon. A user-defined subroutine (Vumat) was used to model wrinkling in the film and thus avoid compressive stresses. A mixed wrinkling criterion based on the variable Poisson's ratio method 14, 15 was adopted. Denoting the constitutive model for the membrane by {σ} = [D]{ε}, and the major and minor principal stresses respectively by σ 1 , σ 2 , this subroutine iteratively modifies the matrix D according to the state (wrinkled, taut or slack) of each element, as follows.
• σ 2 > 0: the membrane is taut, hence
• σ 2 ≤ 0 and ε 1 > 0: the membrane is wrinkled, hence
Step 1
Step 2
Δp= 0 Pa = 0 Pa 
• ε 1 ≤ 0 and σ 2 < 0: the membrane is slack and hence D s = 0
It is also essential to model contact, to prevent the penetration of any parts of the balloon through other parts. ABAQUS/Explicit can handle contact in two different ways, contact pairs and general contact. The latter was used: general contact was defined for the surface of the balloon interacting with itself, using the option "*Contact Inclusions". Unlike ABAQUS/Standard, Explicit is able to handle multiple contact surfaces without a significant overhead.
C. Time Stepping
The central difference operator used in ABAQUS/Explicit is only conditionally stable and a conservative estimate of the stable time increment is calculated from
where L min is the smallest element length anywhere in the mesh, ε max is the fraction of critical damping in the mode with the highest frequency and C d is the dilatational wave speed. The dilatational wave speed C d can be expressed for a linear elastic material as
where ν is the Poisson's ratio, E is the Young's modulus and ρ is the material density. ABAQUS/Explicit will automatically calculate the time increments using Eq. 3. Hence when L min becomes small and damping is increased, smaller time increments will result, which may significantly extend the time required to carry out a simulation.
D. Initial Mesh
The finite element simulation starts from a cyclically symmetric balloon subject to uniform pressure, hence the applied pressure should not be too high otherwise the balloon will buckle into a 3-up-3-down or 4-up-4down mode. 7 To achieve a symmetric shape, the initial mesh for the gore cutting pattern should be symmetric about the x and z axes and all lobes should be identical. Different initial meshes can be considered, see Figure 4 . In this study, scheme (b) was chosen for the triangular mesh because the triangles form a tessellation of rhombuses which distributes the stiffness of the elements more uniformly. In addition, care is needed in defining the edges of the cutting pattern accurately, because even small amounts of extra material near the apex region can substantially decrease the critical buckling pressure of the balloon. 
E. Large Distortion of Elements
It was found that the simulations tend to slow down when the initial axi-symmetric configuration was perturbed by clefting, because the time increment used in the dynamic integration became very small at this stage. The main reason was that the quality of the mesh deteriorates in heavily wrinkled regions, which can be explained as follows. Consider the element ABC shown in Figure 5 , AB and BC are aligned with the hoop and meridional directions respectively. During the computation of the clefting imperfection, meridional wrinkles will form when the hoop stress becomes zero, then AB is allowed to contract, whereas the meridional tension keeps the length of BC essentially unchanged. As a measure of the distortion of the element, consider the aspect ratio AR, defined as the ratio between the radius of the circumcircle of the element and the radius of the inscribed circle
The best value of AR is 0.5, for the case of an equilateral triangle, and the worst is infinite, for a triangle so elongated that one edge length is zero. In general, larger values of AR indicate greater distortion from an optimal mesh, as shown schematically in Figure 5 . Excessive dynamic behavior during the simulation will compound this effect as large dynamic distortions of the elements may occur. Numerical damping is used to reduce excessive oscillation, through the linear viscosity coefficient (option "*Bulk Viscosity" in ABAQUS/Explicit). According to Equation 3, the stable time increment, Δt stable , is decreased by increasing the viscosity coefficient, ε max , .
Elements with acceptable values of AR may become increasingly distorted during the course of the simulation. If a wrinkled element has AR > 10 it is simply deleted. In subsequent steps, the AR of elements that have been deleted is checked and any elements whose AR has become smaller than 6.7 are restored.
Note that when element deletion is implemented, a new model with the updated geometry is constructed and the stresses are set to zero everywhere. By updating the initial mesh geometry in the reference configuration, the next analysis step will calculate the correct shape and corresponding stress distribution, for the current pressure. The dynamic disturbance introduced by this procedure is typically quite small, because the current configuration is largely unchanged, only the element mesh has been altered.
IV. Finite Element Model
A simple description of the geometry can be obtained by placing the tendons on the surface of an isotensoid and by designing a cutting pattern such that the unstressed lobes span straight across the tendons. The following relationships 16 exist between the equatorial radius of the isotensoid, R eq , and its height, X h , volume, V , and meridional arc length, S 0 :
The geometric parameters of the three test balloons are presented in Table 1 . For large values of the local meridional radius and large lobe number, the lobe shape can be described by a circular arc. As shown in Figure 6 (b), R is the isotensoid radius, and r is the bulge radius. θ measures the subtended angle between adjacent meridians while α measures the bulge angle. Note that for flat facet lobes, R = r and θ = α, but for highly lobed balloons, the above four parameters are related by
For the case of 200 lobes θ = 360/200 = 1.8 • . The nodal coordinates on the 3D balloon surface are obtained by measuring the width of the flat cutting pattern and then fitting a circular arc to it. Finally the lobe is copied and rotated n − 1 times to form a periodically symmetric surface, see Figure 6 (a). The mesh for each lobe consists of a uniform subdivision into 68 elements between the two end fittings in the x-direction, with up to 4 triangular elements across the width.
The balloon film is made of Linear Low Density Polyethylene (LLDPE), which is a visco-elastic material, whose behavior depends on stress σ, temperature T and loading time t. Rand developed a nonlinear viscoelastic constitutive model for this film material based on Schapery's theory and subsequently we introduced an approximate pseudo-elastic constitutive model that allows for visco-elastic effects in a simplified way. 17 The anisotropy of the balloon film is sufficiently weak that an isotropic wrinkling model can be assumed. Young's Modulus and Poisson's ratio are averaged between the machine direction and the transverse direction of the film. 17 In the present case we have determined that for a balloon subject to uniform pressure Δp = 10 Pa, at room temperature T = 293 K for t = 1 hour an isotropic pseudo-elastic modulus of approximately 250 MPa can be assumed. This value was used for all of the simulations presented in this paper.
The tendons are made of Braided PBO. Their properties are given in Table 2 . In the NASA tests the balloons were initially filled with 18.3 kg of helium at atmospheric pressure and then fully inflated by adding air. The fully inflated volume was approximately 7000 m 3 and hence the specific buoyancy due to the differential density between the air outside and the mixed helium and air inside the balloon was γ = 0.162 N/m 3 .
V. Results for Balloon # 1 with 98 o Bulge Angle
Following the procedures described in Sections III and IV, in step 1 of the analysis the bottom pressure was set at Δp D = 10 Pa and a constant gradient 0.162 Pa/m was imposed in the domain Ω 1 , while in step 2, the same pressure distribution was applied over the whole domain Ω 1 Ω 2 . Gravity g= 9.8m/s 2 was also included in both steps.
Step 2 was actually divided into a series of substeps with gradually decreased viscosity coefficients until the final equilibrium shape was obtained. The simulation steps are presented in Table 3 . Figure 7 shows the energy variation during the two-step simulations. The bottom pressure Δp varies smoothly from 0 Pa to 10 Pa during step 1 and then remains constant. Oscillations in the kinetic energy and viscous dissipation indicate that the simulation results during step 1 are unstable. The subsequent three substeps were restarted by constructing a new model with the updated geometry from the end of the previous substep while setting the stress to zero everywhere. The strain energy remains nearly constant while the kinetic energy is stabilized.
A detailed understanding of the deformation from the original, symmetric shape to the final clefted configuration can be obtained from the plots in Figure 8 Step
Step No. Substep No.
Loading time (s) Viscosity coefficient Step 4
Step 1 The film stress distribution at step 1 and step 2 are presented in Figures 9 and 10 respectively. At step 1, a cleft appears as soon as the stress in the bottom region is relaxed and the bottom end fitting is offset from the X-axis. Along the cleft, the film is tensioned in the meridional direction but unstressed in the hoop direction. Once the cleft has formed, the second step resets the bottom constraint to the apex and reapplies the pressure over the whole region. Compared to the axi-symmetric configuration, the height of the clefted balloon is nearly the same but its volume is slightly increased.
A visual comparison, in Figure 11 , shows that the simulation result agree remarkably well with the test observation. This it the first time that an S-cleft has been captured computationally.
Of the many factors that may contribute to the formation of S-clefts, it has been conjectured that selfcontact within the balloon may play a leading role. We can use our simulation to explore this conjecture and see what happens if the balloon is "magically" allowed to pass through itself. This was investigated by removing the contact option from the simulation.
The results of this modified simulation are presented in Figure 12 . This new configuration is still clefted but not in the typically S-shape. Instead of forming an S-cleft, the balloon has formed a meridional cleft with the spare film arranged around a kind of inner tube attached to the balloon. Severe overclosure of the gap across the contact surfaces has occurred because the membrane has been allowed to penetrate through itself. Compared to the previous analysis, the strain energy of this balloon model is higher. The variation of the total potential energy is a useful tool to study the stability of clefted configurations. Ignoring material dissipation and heat transfer, the variation of total potential energy Δε is given by
where Δε P is the variation of the potential energy of the lifting gas, written as Δε P = −ΔpΔV . Δε M is the variation of the strain energy of film and tendons. The volume of the balloon, V , is defined as the inner space enclosed by the film and is calculated from
Here the summation is the algebraic sum of the volumes of the tetrahedra V i , where m is the number of triangular elements that model the film. The i-th tetrahedron is constructed as follows: first we pick up a fixed random point (x 0 , y 0 , z 0 ) within the enclosed region as the top vertex of the tetrahedron, then we choose the i-th triangular element is its base; the Cartesian coordinates of the three nodes are (x i,1 , y i,1 , z i,1 ), (x i,2 , y i,2 , z i,2 ) and (x i,3 , y i,3 , z i,3 ), see Figure 13 . Therefore the volume of this tetrahedron is In Figure 13 , n defines the normal vector to the surface element, and p defines the vector pointing from the top vertex O to the centroid of the base 4. Sign i , the sign of the tetrahedron, is +1 when p • n ≥ 0 is satisfied, whereas it is −1 when p • n < 0. Hence, the negative sign applies when the surface is non-convex, e.g., the contact surface is concave. Overclosure occurs in the clefted configuration obtained without a contact model. The volume of the overclosure V oc is the volume of the inner tube in the clefted configuration obtained in this case, and is zero for the other two cases. Table 4 compares the variation of the total potential energy with reference to the axi-symmetric configuration. Δε P , i.e. ΔV , is a more significant contributor to Δε than Δε M .
If the variation of the potential energy of the lifting gas Δε P is neglected, then the principle of minimum strain energy would indicated that the axi-symmetric configuration is the most stable configuration. The clefted configuration ignoring the kinematic constraints imposed by contact gives the minimum total potential energy but this solution is physically infeasible. The clefted configuration obtained by including the contact model has a total potential energy intermediate between the above two models, and hence it is more stable than the axi-symmetric configuration. Next, we use the simulation to answer the following question of great practical importance. Does the cleft disappear if we significantly increase the base pressure? We have computed the equilibrium shape for p D → 100 Pa while keeping the pressure gradient constant and the results are shown in Figure 14 . The stress levels are higher but, instead of unfolding the S-cleft has moved inwards and the indentation has becomes even deeper. Recall that the total volume V was 6939 m 3 at Δp D =10 Pa, and it increases to 7448 m 3 at Δp D =100 Pa. Also, the total potential energy ε has decreased, which indicates that this more highly pressurized configuration is even more stable. This result shows the irreversibility of the S-cleft by applying a higher pressure. Step
Step 
VI. Results for Balloon # 4 with 55 o Bulge Angle
The analysis for this balloon followed exactly the same steps described in Section V and the simulation steps are presented in Table 5 . Complete deployment of this balloon had been observed during the indoor test. Considering that no clefts existed in the final configuration, a much smaller viscosity coefficient was applied to achieve the greatest possible stability in the simulations. Hence, see Figure 15 , more substeps were required to achieve full convergence at the end of the simulation. The large oscillations in the kinetic energy decreased throughout the substeps of step 2.
In Figure 16 , note that after the constraint shift in step 1, the stress distribution becomes quite asymmetric and the balloon takes up a clefted configuration. The shape at the end of step 2 is nearly axi-symmetric with only a small change of stress in a small region near the bottom apex, as shown in Figure 17 . Figure 18 provides a visual comparison between the simulation result and the test. They generally agree well: no cleft was observed in the experiment, whereas the simulation shows a deployed shape with only a tiny residual distortion.
Again we removed the general contact from the original model and obtained the stress distribution shown in Figure 19 . Compared to the corresponding results for the original model, we have complete deployment in both cases, but the new model without contact shows a bit more residual distortion. Table 6 confirms the similarity of their shapes by the very close values of the enclosed volumes. The small variation of total potential energy between the results for the two models, also shown in Table 6 , proves that the 55 degree bulge angle balloon will achieve an axi-symmetric configuration after pressurization. Step 1
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VII. Results for Balloon# 5 with 90 o Bulge Angle
In this section we investigate a third balloon that, although very close in design to Balloon #1, was actually sufficiently different that when it was tested it took up an axi-symmetric configuration after full pressurization. Therefore this balloon provides a very good test for our clefting test. We follow the same loading procedures as before and the two-step simulation are presented in Table 7 . The energy variation is shown in Figure 20 .
The symmetric stress distribution is broken in step 1, in Figure 21 , and its symmetry is finally recovered in Figure 22 at the end of step 2 except for a small distortion near the bottom apex.
In Figures 23 the simulation result is visually compared with the test observation. They are consistent in predicting the completely deployed shape except for a small residual distortion shown in the simulation picture.
Repeating the analysis after removing the general contact definition from the model leads to the clefted configuration in Figure 24 : overclosure can be seen in the cross section of the balloon, in contrast to the full deployment of the original model. Comparison of the variation of total potential energy, Table 8 , reveals that contact plays a key role in producing the cleft: on the one hand, addition of general contact will increase the total potential energy; on the other hand, it helps to prevent clefting.
VIII. Discussion and Conclusion
The objective of this study was to develop a technique to predict clefting in lobed super-pressure balloons. A perturbation method to artificially break the symmetry of a balloon and seeding a clefting perturbation has been presented. Gravity effects, isotropic wrinkling of the film and frictionless self-contact in the balloon are all included in the analysis. The method has been shown to be an effective way of both capturing S-clefts and predicting clefting in balloons with different cutting pattern designs.
Seeding a clefting perturbation is the key step in our analysis; it has been implemented through the constraint-shift method, which has been divided into two steps. Starting from the cyclically symmetrical configuration of the balloon, in step 1, the balloon is constrained at a single offset point and the pressure is removed in the bottom region, below the shifted constraint. Thus the stress distribution becomes asymmetric and a single large cleft is allowed to appear. Once this disturbance has been introduced, in step 2 of the analysis the bottom apex constraint is moved back to the original apex and the non-uniform pressure is applied to the whole balloon.
The constraint-shift method has been tested on three 27 m diameter super-pressure balloons that had been designed and tested by the NASA super-pressure balloon team, Balloon # 1, # 4 and # 5. These balloons all had 200 lobes but the lobe bulge angles at the equator were respectively 98.1 • , 55 • and 90 • . In the indoor tests Balloon # 1 had remained clefted, with a typical S-cleft at a pressure of 10 Pa, while the other two balloons had deployed completely.
Visual comparison between simulation results and test observations for the shape of the S-cleft occurring in Balloon # 1 have shown remarkable agreement and so it can be concluded that for the first time an S-cleft has been captured computationally. We have computed the total potential energy of this balloon in the clefted configuration and compared it to the energy in the axi-symmetric configuration; because the volume of the clefted balloon is larger, we have found that the clefted shape is more stable. Hence increasing the pressure in this balloon will not eliminate the cleft. We have also shown that the S-cleft will not disappear if the balloon is allowed to pass through itself. Instead of forming an S-cleft, the balloon formed a meridional cleft with the spare film arranged around a kind of inner tube attached to the balloon.
The constraint-shift method has also successfully predicted the full deployment of Balloons # 4 and # 5.
